Abstract: The chemical structure of mineral wool fiber was investigated by using Fourier Transform Infrared Spectroscopy (FTIR). Next, the glass transition temperature and the crystallization temperature of the fibers were studied. Finally, the crystallization kinetics of fiber was studied. The results show that the chemical bond structure of fibers gets more random with the increase of acidity coefficient. The crystallization phases of the fibers are mainly melilites, and also a few anorthites and diopsides. The growth mechanism of the crystals is three dimensional. The fibers with acidity coefficient of 1.2 exhibit the best thermal stability and is hard to crystallize as it has the maximum aviation energy of crystallization kinetics.
Introduction
Many drawbacks would arise during the recycle of blast furnace slag by using water quenching method, such as the environmental pollution and the waster of sensible heat of high temperature slag. Therefore, many new ways of recycling blast furnace slag have been developed, such as blast furnace slag has been used in the construction and civil engineering projects [1] as well as the slag glass-ceramics [2] . Among those ways, the wind quenching method and the rotor disk method [3] not only could make the blast furnace slag as a component of construction and civil engineering materials, but also could recycle its sensible heat.
With the inspiration of the manufacture process of mineral wool fiber by using basalt, the direct fibrosis method of blast furnace slag was developed. The fibers produced from the blast furnace slag with the direct fibrosis method have the characteristics of light weight, thermal insulation, sound insulation and shock absorption [4] [5] [6] . The crystallization property of the fiber has significant impacts on the performance of the fiber at the high temperature, as the crystallization of fiber would damage its mechanical properties (strength) [7] . Many of studies were conducted to investigate the crystallization processes and the mechanical properties of glass, rock wool fiber, ceramic fiber and quartz fiber. For instances, Senol et al. [8] studied the crystallization kinetics of basalt glass, the crystallization phase structure by using differential thermal analysis (DTA) and XRD. Liu et al. [9] investigated the non-isothermal crystallization behavior of polyethylene glass fiber composites. Smedskjaer et al. [10] studied the crystallization behavior of rock wool and its high temperature stability, and concluded the crystallization temperature of rock wool would increase under an oxidation atmosphere. Rezvani et al. [11] concluded the crystallization of the fiber would be inhibited by adding an appropriate amount rate earth elements, thus the mechanical property and optical property of fiber are improved. Qi et al. [12] studied the crystallization mechanism of SiO 2 / Si 3 N 4 composite fiber. In this study, the chemical structures of mineral wool fibers with different acidity coefficients were studied by using Fourier Transform Infrared Spectroscopy (FTIR). Then the crystallization kinetics and phases of mineral wool fibers was investigated by using differential scanning calorimeter (DSC) and X-ray diffraction (XRD), while the crystallization kinetics parameters were determined with Ozawa formula and the revised Kissinger formula.
Experiments
The slag from an industry blast furnace was used as a benchmark, and the other two slags were prepared with different amounts of tailings of iron mine. Those slags are first melted with an electric furnace, then the melts are thread throw with a centrifuge machine and finally the fibers are obtained. Secondly, the fibers were ground into powders with particle size is smaller than 100 meshes. Thirdly, the chemical structures and the acidity coefficient of fiber powder were analyzed by using Fourier Transform Infrared Spectroscopy (FTIR, Vertex70) and ICP(ULTIMA2), and those compositions are listed in Table 1 and the acidity coefficients were measured as 1.05 for the fibers generated from the benchmark slag, 1.2 and 1.3 for the fibers from adjusted slags respectively. Next, the crystallization processes of those three fibers are studied by using DSC (STA449F3) analysis under three different heating rate is 5, 10, 15°C/min respectively. Finally, the fibers were heated (heating rate is 2°C/min) to three different specified temperatures (700, 800 and 900°C) and hold for an hour by a tube furnace respectively, then those fiber were ground into powders with particle size is smaller than 200 meshes and the crystallization phases were identified by XRD (D/ MAX2500PC) such that the crystallization behavior of the fibers was studied.
Results and discussions
The analysis of chemical bond structure
For investigating the chemical structure of the fibers with different acidity coefficient of 1.05, 1.2 and 1.3, a certain amount of KBr is mixed with the fiber powders and then the infrared spectroscopy of the fibers are measured by using the FTIR spectrometer. As Figure 1 shows, three absorption peaks are observed, where the peaks of 501 cm Al-O-Al, the stretching vibration peak in Al-O and the stretching vibration peak in antisymmetric Si-O respectively. The fiber structure becomes more random with the increase of acidity coefficient as a relatively broad and obtuse peak appears in the fiber sample of high acidity coefficient.
Differential thermal analysis
The crystallization processes of those three fibers with different acidity coefficient of 1.05, 1.2 and 1.3 are studied by using DSC analysis under three different heating rate is 5, 10, 15°C/min respectively. Then the DTA curves of those three fibers are shown in Figures 2, 3 and 4. For a fiber, the crystallization peak temperature and glass transition temperature increase with the increase of heating rate. This may be due to the rising of heating rate leads to the lag of crystallization temperature.
As shown in Figures 5 and 6 , the crystallization peak temperature and the glass transition temperature increase at first and then decrease when the acidity coefficient of fiber increases, while both of the crystallization peak temperature and the glass transition temperature reach the maximum value when the acidity coefficient of fiber is 1.2. When the acidity coefficient of fiber is 1.2, the heating rate of 5, 10, 15°C/min is corresponding to the maximum crystallization 
XRD analysis
In order to identify the crystallization phases of the fiber, the fiber powders with acidity coefficient of 1.2 is heated with the rate of 2°C/min to three different specified temperatures (700, 800 and 900°C) and hold for an hour by a tube furnace respectively, then those fiber powders were ground into powders with particle size is smaller than 100 meshes and the crystallization phases were identified by XRD. Figure 7 shows the XRD analyses for the fibers subjected to three different holding temperatures 
The research on crystallization mechanism
The peak area in DSC curve is in proportion to the corresponding enthalpy change [13] , while the heating effect is in proportion with the amount of reactants. Thus, the crystallization fraction can be calculated as follows:
where x is crystallization fraction, A t is area of differential thermal peak from the initial reacting time to t; A is the peak area when the reaction is totally completed. As Figure 8 shows the initial crystallization temperature increases at first and then decreases when the acidity coefficient of fiber increases, while the initial crystallization temperature reaches the maximum value when the acidity coefficient of fiber is 1.2. The fiber with acidity coefficient of 1.2 exhibits the best thermal stability and lowest crystallization tendency, which shows a slower crystallization rate for the temperature less than 860°C and faster crystallization rate for the temperature range from 860 to 880°C.
The process of the fiber crystallization includes two steps of nucleation and crystal growth. While the crystallization activation energy E can be approximately expressed by nucleation activation energy En and the activation energy of crystal growth Eg. [14] .
where n is Avrami index, m is the factor related to crystal growth, different values of m and n represents different mechanisms of crystal growth, β is the factor related to nucleation while n = m + β. β would set as 1 as the nucleation of glass occurs during the heating process of DSC, and thus n = m + 1. E n can be ignored as E n is very small compared with E g , thus formula (2) can be simplified as:
Ordinarily, we use Ozawa formula [15] to calculate Avrami index n:
By using the revised Kissinger formula [16] to calculate the activation energy of crystal growth:
When temperature is 870°C, the formula (4) is fitted with the experimental data, then the Avrami index n is obtained ( Figure 9 ):
The Avrami index n of fibers at different acidity coefficients is larger than 4, namely that the growth factor m of the fibers is 3. So the crystallization process of fibers is in the form of integral crystallization ( Figure 10 ). From Table 2 , at the temperature of 870°C, fibers with different acidity coefficients have a lower aviation energy that is easy for crystallization. With the increase of acidity coefficient, the aviation energy of crystallization firstly rises and then falls down, and the energy reaches the maximum 285.490 kJ · mol −1 ,when the acidity coefficient is 1.2. That is also indicated that the fibers the acidity coefficient of 1.2 is hard to crystallize and shows the best thermo stability.
Conclusion
Based on the study, the following conclusions are made: ). And the growth mechanism of the crystals is three dimensional, and the acidity coefficient has no effect on the growth mechanism of the crystals in fibers. 
